Genetic screens of the collection of ~4500 deletion mutants in Saccharomyces cerevisiae have identified the cohort of non-essential genes that promote maintenance of genome integrity. Here we probe the role of essential genes needed for genome stability.
INTRODUCTION
Accurate transmission of the genome is essential for normal cell growth and survival. As such, cells have developed elaborate mechanisms to prevent errors in replication and to respond to spontaneous DNA damage that can lead to genomic instability (BRANZEI and FOIANI 2007; BRANZEI and FOIANI 2009; BRANZEI and FOIANI 2010; CIMPRICH and CORTEZ 2008; HARPER and ELLEDGE 2007; KOLODNER et al. 2002) .
The failure to repair the genome in an error-free manner can result in chromosome abnormalities that underlie many human diseases, including cancers (AGUILERA and GOMEZ-GONZALEZ 2008; KOLODNER et al. 2002; MCKINNON and CALDECOTT 2007) .
Therefore, defining the genes that contribute to genome maintenance will be useful in understanding disease development and in designing new strategies for therapeutics.
However, to date, a comprehensive curation of genes that function to suppress genome instability is incomplete.
Yeast is an ideal model for genomic studies due to the conservation of gene functions and biological pathways between yeast and humans. Phenotypic screens conducted with the Saccharomyces cerevisiae non-essential gene deletion collection (GIAEVER et al. 2002) have aided in the annotation and functional characterization of non-essential genes involved in the suppression of spontaneous DNA damage (ALVARO et al. 2007; HUANG and KOLODNER 2005; HUANG et al. 2003; SHOR et al. 2005) and in the suppression of spontaneous chromosome rearrangements (ANDERSEN et al. 2008; SMITH et al. 2004; YUEN et al. 2007) . However, since the deletion of essential genes causes lethality, similar genome-wide screening approaches to identify the complete set of genes that suppress spontaneous DNA damage and chromosome rearrangements require collections of conditional alleles of essential genes.
Systematic collections of conditional alleles have been generated in several ways, including the replacement of native promoters with a tetracycline-regulated promoter (MNAIMNEH et al. 2004; YU et al. 2006) , destabilization of target gene mRNAs through the insertion of a selectable marker in the 3'UTR of essential genes (SCHULDINER et al. 2005) , systematic addition of a heat inducible degron to the amino terminus of the protein product (LABIB et al. 2000) , systematic generation of novel temperature-sensitive alleles (BEN-AROYA et al. 2008) , and systematic integration of existing temperature-sensitive alleles (LI et al. 2011) . Despite the availability of several essential gene collections, no one collection is complete, suggesting that complementary approaches using a number of screening strategies and multiple types of conditional alleles will be necessary to identify all of the essential genes that function to suppress genomic instability.
Here we describe a series of screens to identify essential genes that function to suppress genome instability, using the collection of tetracycline-regulated promoter replacement alleles (Tet alleles) of essential genes (MNAIMNEH et al. 2004) . We screened 217 Tet alleles of essential genes whose depletion caused accumulation in S or G2 phases of the cell cycle (YU et al. 2006 ) and identified 47 with elevated levels of spontaneous DNA damage. A second screen performed with the same Tet alleles identified 92 essential genes that suppress the formation of chromosome rearrangements, whole chromosome deletions, and gene conversions. We quantified the levels of each type of mutation in 15 strains that exhibited both elevated levels of spontaneous DNA damage and chromosome rearrangements following the depletion of an essential gene. Mapping of rearrangement breakpoints in seven representative mutants from this set revealed several unique rearrangement structures. Sequence features, including Ty retrotransposons and DNA replication origins and termination zones, correlated with the rearrangements identified. We propose a central role for DNA replication proteins in suppressing the formation of chromosome breaks that promote chromosome rearrangements.
RESULTS

Depletion of essential gene products causes spontaneous DNA damage
We used a collection of tetracycline-regulated promoter alleles (Tet alleles) (MNAIMNEH et al. 2004; YU et al. 2006) of essential genes to systematically identify genes that suppress spontaneous DNA damage. Since elevated levels of spontaneous DNA damage should elicit a checkpoint response and cause cell cycle delay, we screened the 217 strains that accumulated in S-phase or G2-phase of the cell cycle following geneproduct depletion by promoter shut off (YU et al. 2006) . Spontaneous DNA damage was measured by the re-localization of the DNA damage checkpoint protein Ddc2 from a diffuse nuclear pattern to discrete sub-nuclear foci ( Figure 1A ) MELO et al. 2001) . Following growth of these strains in doxycycline to repress essential gene expression, the fraction of cells with Ddc2 foci was quantified (Table S1 ). We determined that the individual depletion of 47 essential gene products caused an increase of Ddc2 foci relative to wildtype levels, using a cutoff of three standard deviations from the wild type mean ( Figure 1B ). The Gene Ontology (GO) processes of the essential genes that were identified are varied (Table S2) , but on average the highest levels of Ddc2 foci were observed following the depletion of gene products involved in DNA replication, response to DNA damage stimuli and cell cycle progression, indicating the importance of these essential processes in the maintenance of genome integrity ( Figure   1B ). In addition to the identification of essential genes with defined roles in genome maintenance, 20 essential genes with previously unrecognized contributions to the suppression of spontaneous DNA damage were also identified ( Figure 1B , grey bars).
Depletion of essential gene products causes chromosome loss and rearrangement
Increased levels of Ddc2 foci could reflect increased spontaneous DNA damage, defective repair of spontaneous DNA damage or a combination of both. An increase in spontaneous DNA damage may not impact genome integrity if the damage is repaired accurately. To directly identify essential genes that suppress chromosome rearrangements and chromosome loss, we used an illegitimate mating assay (LEMOINE et al. 2008; LEMOINE et al. 2005; STRATHERN et al. 1981) (STRATHERN et al. 1981) . We determined the levels of a-like faker formation using a patch mating assay ( Figure 2A ).
We found that the depletion of 92 essential genes caused elevated illegitimate mating frequencies both relative to the minus doxycycline control and relative to the wild type control, indicating loss of genetic information at the MAT locus in these strains (Table   S3 ). Thirty strains did not form colonies in the presence of doxycycline and nine strains could not be constructed with the MATα mating type and therefore could not be evaluated. Strains were subcategorized into groups with high (>10 colonies; 57 strains), moderate (1 to 10 colonies; 35 strains), or wild type (0 colonies; 86 strains) levels of illegitimate mating and the distributions of Ddc2 foci formation for each category were compared ( Figure 2B ). Both the high and medium categories had greater Ddc2 foci formation when compared to the wild type category (P-value of 0.022 for high vs. wild type and P-value of 0.028 for medium vs. wild type; one-sided Mann-Whitney test), indicating a relationship between the extents of Ddc2 focus formation and the illegitimate mating phenotype. Additionally, strains with spontaneous Ddc2 foci formation above our cutoff were more likely to have increased illegitimate mating (P-value of 0.00073; hypergeometric test), although the overlap between the two screens, at 29 genes, was not absolute.
We focused on the strains with the most robust chromosome instability phenotype, the 15 strains with both elevated Ddc2 foci and high levels of illegitimate mating ( Figure   2C ). These strains were subjected to a quantitative illegitimate mating assay (Table 1 ).
In the presence of doxycycline, all of these strains exhibited significantly elevated levels of illegitimate mating relative to the wild type strain. Increases in illegitimate mating ranged from less than two-fold wild type (CSE1) to 62-fold wild type (MCM7). Previous studies of GAL promoter regulated conditional alleles of DNA polymerases α and δ found increases of approximately 200-fold and 50-fold, respectively (LEMOINE et al. 2008; LEMOINE et al. 2005) . Although DNA polymerases α and δ were not assayed in our screens, we identified a role for DNA polymerase ε (POL2, DPB11) in suppressing illegitimate mating. Additionally, we found that disrupting a wide range of replication functions (CDC45, MCM4, MCM5, MCM7, DPB11, POL2, POL30, RFC2, RFC5) caused increased illegitimate mating. DNA2, which functions in Okazaki fragment processing (BUDD et al. 2000; LEE et al. 2000) and in DNA repair (ZHU et al. 2008) resulted in increased illegitimate mating, as did repression of the DNA repair genes NSE1 (PEBERNARD et al. 2008; SANTA MARIA et al. 2007 ) and UBC9 (BRANZEI et al. 2006) .
Genes with functions outside of DNA replication and repair were also identified. CSE1 is responsible for nuclear shuttling of the nuclear transporter importin α (HOOD and SILVER 1998; KUNZLER and HURT 1998; SOLSBACHER et al. 1998) , and roles for CSE1 in DNA replication (YU et al. 2006) and in chromosome segregation (XIAO et al. 1993) , likely reflecting effects on importin α cargos, have been described. NUF2 is a kinetochore component and functions in chromosome segregation (OSBORNE et al. 1994) . Depletion of DNA replication (CDC45, MCM4, MCM7, POL2) and segregation (NUF2) gene products had the most striking effect (greater than 20-fold difference).
Chromosome III rearrangements in essential genome stability mutants
Three common classes of information loss on chromosome III in the illegitimate mating assay can be distinguished by performing the assay with a strain with nutritional markers flanking the MAT locus on chromosome III (LEMOINE et al. 2005) (Figure 3A ).
We used this modified assay to classify chromosome instability events in the 15 strains with both increased spontaneous DNA damage and high levels of illegitimate mating.
Class 1 mating events result from a gene conversion or mutation at the MATα locus.
Class 2 events result from the loss of chromosome III. Class 3 events result from chromosome rearrangements that lead to the loss of the MATα locus and distal regions of the right arm of chromosome III ( Figure 3A ). For each strain we classified the chromosome rearrangements in approximately 200 illegitimate diploids and measured the frequencies and ratios of the three classes ( Figure 3B and C).
Increases in class 2 (whole chromosome loss) and 3 (chromosome arm loss) rearrangements were evident for all 15 genes tested ( Figure 3B ). Depletion of CSE1, DPB11, MCM4, MCM5, POL30, SPT16 , and UBC9 resulted in ratios of the three classes of chromosome instability that were not significantly different than that observed in the wild type strain (P-value >0.01 by the Fisher exact test) ( Figure 3C ). This could indicate that depletion of these gene products exacerbates a condition already present in wild type cells. By contrast, repression of CDC45, DNA2, MCM7, RFC2, RFC5 and POL2 resulted in a significant difference in ratios of the three classes relative to wild type (P-value <0.01 by the Fisher exact test) with a preferential increase in class 3 (chromosome arm loss) events. Depletion of NUF2, a kinetochore associated protein, resulted in a dramatic increase in class 2 (whole chromosome loss) events, consistent with the function of this gene in chromosome segregation (OSBORNE et al. 1994; WIGGE and KILMARTIN 2001) .
Finally, we observed that the depletion of NSE1, a subunit of the structural maintenance of chromosome (Smc5/6) complex (FUJIOKA et al. 2002) , resulted in the loss of class 1 (gene conversion or point mutation) events, and in similar levels of class 2 (whole chromosome loss) and class 3 (chromosome arm loss) events. Our data suggest that NSE1 contributes to both the DNA repair (class 3) and chromosome segregation (class 2) functions of the SMC5/6 complex (BEHLKE-STEINERT et al. 2009; IRMISCH et al. 2009; OUTWIN et al. 2009; SANTA MARIA et al. 2007) . We conclude that depletion of different essential gene functions can cause different patterns of genomic instability.
Essential gene product depletion causes genome rearrangements with boundaries at Ty retrotransposons
In order to obtain a comprehensive assessment of the chromosome rearrangement breakpoint locations in the illegitimate diploids that were isolated following essential gene depletion in our classification experiment, we used comparative genome hybridization on tiling microarrays to map rearrangement breakpoints (DION and BROWN 2009 Genomic DNA was hybridized to a S. cerevisiae whole genome tiling microarray and copy number variation was determined by comparison to genomic DNA isolated from a wildtype a/α diploid. Representative copy number profiles are depicted in Figure 4 and the boundaries of each rearrangement are shown in Table 2 . Figures 5A and B summarize the breakpoints observed on chromosome III and the resulting subclasses of rearrangements that were observed.
Four of the 42 class 3 illegitimate diploids that we tested exhibited poor hybridization profiles and were not analyzed further. The remaining samples were divided into five different subclasses based on the rearrangement profiles of chromosome III. The most frequent subclass, class 3-1, comprised microarray profiles that lacked deletions or duplications ( Figure 4A ). This type of profile was observed in 15 out of 38 (39%) illegitimate diploids and was present following the depletion of all essential genes tested, with the exception of RFC2 and SPT16. As previously suggested, this genome profile likely represents successful repair of chromosome III by break-induced replication (BIR) using the 1225α strain chromosome III as a template (LEMOINE et al. 2008; LEMOINE et al. 2005) , resulting in full restoration of chromosome III sequences ( Figure   5B ). Southern blot analysis following separation of chromosomes on a Contour-clamped Homogeneous Electric Field (CHEF) gel, using a probe specific for the HIS4 locus on the (HOANG et al. 2010; LEMOINE et al. 2008; LEMOINE et al. 2005; UMEZU et al. 2002) . We confirmed that this same arrangement of Ty1 retrotransposons at FS1 and FS2 is present in the wildtype Tet allele strain using PCR analyses ( Figure S1A ). We further verified the arrangement of Ty1 retrotransposons at FS2 using Southern blot analyses ( Figure S1B ). In keeping with the mechanism proposed by Lemoine et al. (LEMOINE et al. 2008; LEMOINE et al. 2005) , we predict that 4D and 5B). We observed four of these events after the depletion of genes involved in DNA replication (MCM7, DPB11, SPT16). Two of these events had breakpoints at FS1 and FS2 (MCM7, DPB11), the same breakpoints observed following depletion of DNA polymerases α and δ (LEMOINE et al. 2008; LEMOINE et al. 2005) . The other two, from SPT16 illegitimate diploids, had breakpoints at YCRCδ6. As suggested previously, this class might represent chromosome fragments that persist through direct telomere capping ( Figure 5B ), or by acquisition of telomeric sequences by BIR utilizing a telomere-proximal Ty element (LEMOINE et al. 2008; LEMOINE et al. 2005) . These rearrangement profiles were confirmed by Southern blot analysis, where two bands of equal intensity were visualized, one corresponding to intact chromosome III and the other to the predicted chromosome III fragment ( Figure 6A , lane 3).
The class 3-5 rearrangement pattern includes a deletion of all but the left arm of chromosome III in addition to an arm deletion on a non-homologous chromosome (chromosome XVI or V) (Figures 4E and 5B) . By contrast to the four subclasses of rearrangements described above, class 3-5 profiles were not observed following depletion of DNA polymerases α and δ (LEMOINE et al. 2008; LEMOINE et al. 2005) . However, this profile has been documented upon the deletion of a non-essential gene required for strand invasion in homologous recombination, RAD52 (CASPER et al. 2009 ). In our studies, class 3-5 profiles were observed following the depletion of NSE1 and UBC9, which also function in DNA repair (BRANZEI et al. 2006; IRMISCH et al. 2009; SANTA MARIA et al. 2007 ). We found one additional class 3-5 rearrangement following the depletion of DPB11 (Table 2 ). In each case, the breakpoint on chromosome III corresponds with the only Ty retrotransposon on the left arm and the rearrangement results in the loss of one copy of the chromosome III centromere. We predict that this acentric chromosome III fragment would be fused to the non-homologous chromosome to allow this chromosome fragment to persist ( Figure 5B ). The chromosome fusion could result from an interruption of a BIR event and subsequent resolution of the strand invasion intermediate with a non-homologous chromosome, resulting in a half crossover chromosome.
Alternatively, since the breakpoints on the non-homologous chromosomes coincide with Ty retrotransposon sites, it is possible that a homology mediated repair mechanism, such as single-strand annealing (SSA) (MIECZKOWSKI et al. 2006) , is involved in the formation of this chromosome fusion ( Figure 5B ). This mutant chromosome was confirmed by Southern blot analysis of a representative illegitimate diploid isolated following the depletion of NSE1 ( Figure 6C, lanes 2 and 4) . A probe specific for chromosome III detected two chromosome sizes, one corresponding to intact chromosome III and another to the predicted size of the chromosome III-chromosome V fusion. We also detected two chromosome bands following re-hybridization with a probe specific for chromosome V, one corresponding to the size of intact chromosome V and the other corresponding to the expected size of the chromosome fusion.
Finally, depletion of RFC2 resulted in one example of a "Hawthorne deletion"
(Class 3-6), an interstitial deletion between repeated regions of the MATα and HMRa loci (HAWTHORNE 1963) . We did not observe any examples of class 3-7, the hallmark of which is amplification of sequences between FS1 and FS2 (CASPER et al. 2009 ). The total ratio of the seven rearrangement classes was 15:4:8:4:6:1:0 (3-1 : 3-2 : 3-3 : 3-4 : 3-5 : 3-6: 3-7).
Boundaries of rearrangements correlate with Ty retrotransposons, LTRs, tRNA genes, early replication origins and replication termination sites
To determine if the boundaries of rearrangements are correlated with particular genomic features, we performed an enrichment test. We segmented the genome into 5kb bins and scored each bin for the presence or absence of genomic features and breakpoints. For each feature, we determined the fold enrichment of bins that contain both the feature and a breakpoint in comparison to what would be expected if breakpoints were randomly placed into bins (Table 3) . Consistent with other studies of rearrangement breakpoints in yeast (ARGUESO et al. 2008; DUNHAM et al. 2002; LEMOINE et al. 2008; LEMOINE et al. 2005; LI et al. 2009 ), our boundaries of rearrangement were significantly enriched at loci with Ty retrotransposons, Long Terminal Repeats (LTRs) and tRNA genes ( Table 3) . As these sites have repetitive sequences, they may represent endpoints of resection that facilitate recombination repair between non-homologous loci. We also found that boundaries of rearrangement were significantly enriched near early replication origins and replication termination sites (Table 3 ). One possibility is that mis-regulation of replication firing and replication fork convergence causes double-stranded DNA breaks that promote rearrangement events.
DISCUSSION
Comparison of conditional allele screens for genome instability mutants
The collection of tetracycline-regulated promoter conditional alleles (Tet alleles) encompasses 773 essential genes (63%), out of a total of 1135 that are annotated in SGD (MNAIMNEH et al. 2004; YU et al. 2006) . We quantified the accumulation of Ddc2 damage foci in this set of strains after first filtering for the 217 strains that showed accumulation in S or G2 phase following promoter shut-off. We identified 47 genes that function to protect the genome from spontaneous DNA damage, 20 of which did not have previously annotated roles in the maintenance of genome stability. A similar screen for Ddc2 foci accumulation was recently reported, using a set of 592 temperature-sensitive conditional alleles representing 399 essential genes (LI et al. 2011) . Of the 114 genes that were in common to both sets of conditional alleles ( Figure S2A ), mutants of ten essential genes displayed elevated levels of Ddc2 foci in both screening efforts, a small but significant overlap (P-value of 0.0043; hypergeometric test) ( Figure S2B , Table S4 ).
Fifteen genes were identified in our screen that were negative in Li et al., and 15 genes were identified in Li et al. that were negative in our screen ( Figure S2B ). Altogether, we identified 37 genes with elevated Ddc2 foci that were not identified by Li et al. We also screened for the a-like faker chromosome instability phenotype in 208
Tet alleles that we assayed for Ddc2 foci formation. Of the 68 genes that were in common with a recent a-like faker screening effort using ts alleles (STIRLING et al. 2011) ( Figure S2C ), the overlap of 11 essential gene mutants with elevated levels of a-like fakers in both screening efforts was insignificant (P-value of 0.064 by the hypergeometric test) ( Figure S2D , Table S5 ). We identified 59 essential genes that contribute to the suppression of genome instability that were not identified by Stirling et. al Finally, a recent screen was performed to determine the extent of Rad52 foci in 305 essential chromosome instability genes. Comparison with our Ddc2 foci screen revealed that only the depletion of CDC9, CDC45, MCM5, NSE1 and PSF2 resulted in elevated levels of both Rad52 and Ddc2 foci (STIRLING et al. 2012) . Given that each conditional allele collection is currently incomplete, that a positive score with one kind of allele is at best weakly predictive of a positive score with a distinct allele, that the overlap between screens of different allele collections is small, and that the functions of essential genes are likely perturbed to varying degrees within any one collection, screening complementary collections of different kinds of alleles will ultimately be necessary to define the complete cohort of essential genes that maintain genome stability.
A common theme in the overlap among these screens of essential gene collections is enrichment for genes that function in DNA replication, indicating that among essential processes, replication defects are strong contributors to genome instability. Both Ddc2 foci screens were enriched for genes with DNA replication as their GO process annotations, relative to the S. cerevisiae genome (14.5 and 25.3 fold enrichment for this study and Li et al., 2011, respectively We compared the functional differences between essential gene alleles that had elevated Ddc2 foci and those that had increased frequency of illegitimate mating, as this is the first time the same set of essential genes has been analyzed with both assays.
Eighteen alleles displayed only elevated levels of Ddc2 foci and 63 alleles had only the alike faker chromosome instability phenotype, while 29 alleles had elevated levels of both.
This core of 29 genes was enriched for DNA replication function relative to the genome (20.4 fold enrichment; Bonferroni corrected P-value of 2.04x10 -12 ), again indicating the primary role of replication errors in genome rearrangements. By contrast, the alleles that displayed only the a-like faker chromosome instability were enriched for genes involved in transcription initiation (15.9 fold enrichment; Bonferroni corrected P-value of 6.22x10 -6 ). By analyzing the overlap between the screens, we found that strains with increased illegitimate mating tended to have a larger fraction of cells with spontaneous Ddc2 foci, and that strains with spontaneous Ddc2 foci formation above our cutoff were more likely to have increased illegitimate mating, which suggests some predictive value of one phenotype for the other. However, the overlap between the Ddc2 focus screen and the alike faker screen was far from absolute. Therefore, consistent with a recent study (STIRLING et al. 2011) , we suggest that the complete set of genes with roles in genome maintenance will be obtained not only by screening different allele collections, but also by the application of multiple screening methods. The rearrangements that we observed likely involve DNA double stranded breaks (DSBs) and there are several mechanisms by which defects in replication could contribute to DSB formation.
Essential genes involved in DNA replication are critical for genome stability
Reduced levels of proteins involved in pre-replicative and pre-initiation complex formation at replication origins likely result in fewer replication forks emanating from fewer origins, increasing the likelihood that regions of the genome might remain unreplicated and become susceptible to breakage. Consistent with this view, reduced levels of activated origins of replication and elevated frequencies of gross chromosomal rearrangements have been observed in strains with mutations in CDC6, CLN2, ORC2 or SIC1 genes involved in origin licensing (BIELINSKY 2003; BRUSCHI et al. 1995; LENGRONNE and SCHWOB 2002; SHIMADA et al. 2002; TANAKA and DIFFLEY 2002) .
Depletion of DNA replication elongation factors might disrupt the kinetics of replication in S-phase, resulting in replication fork stalling and chromosome rearrangements as has been noted in RFA1 mutants (CHEN et al. 1998) . Defects in elongation could also disrupt the coordinated movements of replisomes and transcription machinery along the DNA, leading to increased levels of collision and DNA breakage (DESHPANDE and NEWLON 1996; IVESSA et al. 2003 ) ( Figure 7A ). Another consequence of defective replication elongation could be the delay of Okazaki fragment synthesis resulting in the accumulation of single-stranded DNA (ssDNA) on the lagging strand, secondary structure formation, and blocks to replisome progression (SOGO et al. 2002) (Figure 7B ).
This type of mechanism has been proposed to allow the formation of hairpin structures at inverted Ty retrotransposon repeats, causing chromosome rearrangements when DNA polymerase α and δ are depleted (CASPER et al. 2009; LEMOINE et al. 2008; LEMOINE et al. 2005) . Depletion of polymerase ε (POL2) in our study could cause fragile site instability by a similar mechanism. Finally, when two replication forks converge in the last stages of replication, termination structures need to be accurately resolved prior to mitosis in order to prevent DSBs ( Figure 7C ). Both Ubc9 and the Nse1-containing Figure 7B ). However, of the 38 chromosome rearrangement mutants that we mapped, we observed only three (7.9%) with boundaries within the FS2 region, suggesting that other modes of chromosome breakage predominate in our study.
Examination of the boundaries of chromosome rearrangements in replication mutants revealed significant enrichment of nearby early replication origins and tRNA genes (Table 3 ). Transcription complexes on tRNA genes can impede an on-coming replisome, thereby promoting replication fork pausing and DSB formation ( Figure 7A ) (DESHPANDE and NEWLON 1996; IVESSA et al. 2003) , suggesting that additional breakage could result from transcription-replication collisions. This combination of features surrounding breakpoints of rearrangement is consistent with those observed at natural evolutionary breakpoints when S. cerevisiae is compared to related yeasts, as well as breakpoints observed during artificial evolution of S. cerevisiae (DI RIENZI et al. 2009; DUNHAM et al. 2002; KELLIS et al. 2003) , suggesting that in addition to replication fidelity, these features are important determinants of instability.
Parallels with human common fragile sites
There are a number of parallels between common fragile sites in yeast and in humans. Inhibition or depletion of DNA polymerases (GLOVER et al. 1984; LEMOINE et al. 2008; LEMOINE et al. 2005) or DNA damage checkpoint proteins (ARLT et al. 2004; CASPER et al. 2002; CHA and KLECKNER 2002; DURKIN et al. 2006; FOCARELLI et al. 2009; RAVEENDRANATHAN et al. 2006; SCHWARTZ et al. 2005; VERNON et al. 2008) can induce chromosome breaks at common fragile sites in both yeast and human. Although human common fragile sites lack distinctive sequence similarities, they have attributes that impair replication progression (GLOVER et al. 2005; GLOVER et al. 1984; ZLOTORYNSKI et al. 2003) , a shared property of yeast fragile sites (ADMIRE et al. 2006; CHA and KLECKNER 2002; DESHPANDE and NEWLON 1996; IVESSA et al. 2003; LEMOINE et al. 2005; RAVEENDRANATHAN et al. 2006; ROEDER and FINK 1980) . Additionally, recent studies of the human common fragile site FRA3B have suggested that instability at this site is not due to replication fork slowing or stalling, but rather is due to a paucity of replication initiation events (LETESSIER et al. 2011) . In our studies, early firing origins of replication are enriched in regions with rearrangement breakpoints. Depletion of replication initiation factors could disrupt origin firing at these sites and thereby contribute to instability in a manner analogous to FRA3B. It will be of great interest to test the general role of replication proteins in suppressing chromosome rearrangements that we have observed in yeast in the maintenance of human common fragile sites.
METHODS
Yeast strains and media
Tet allele strains were constructed as described previously (MNAIMNEH et al. 2004) . The genotype of the wild-type Tet allele strain, R1158, is MATa URA3::CMV-tTA his3Δ1 leu2Δ0 met15Δ0. Using standard genetic methods, 217 MATα Tet allele strains were engineered to contain YFP-Ddc2 marked with a nourseothricin (Nat) resistance gene.
Genotypes for strains used in this study are listed in Table S6 . The essential genes that were studied are listed in Tables S1 and S2 . Standard yeast media and growth conditions were used unless otherwise specified (SHERMAN 1991).
Fluorescence microscopy
Tet allele strains were grown in YPD liquid media at 30°C. Samples were divided into two cultures and grown in parallel in the presence and absence of 10 µg/mL doxycycline for four additional hours at 23°C. Intracellular localization of Ddc2-YFP was determined by fluorescence microscopy as previously described for Rad52-YFP (CHANG et al. 2005; . Ddc2 foci were quantified in at least 100 cells for each strain. Ddc2 foci in wild type cells were analyzed four times and used to calculate a standard deviation. Tet allele strains that had Ddc2 foci levels that were at least three standard deviations greater than wild type were scored as positive.
Illegitimate mating assays
Tet allele strains and the R1158 wild type strain were grown in parallel for 24 hours on YPD solid media either containing or lacking 10 µg/mL of doxycycline. A standard mating assay was performed with tester strains MCY13 (MATα -legitimate mating) and MCY14 (MATa -illegitimate mating) on the same media conditions that the strains were grown. Diploids were isolated by replica plating on minimal media.
In the quantitative form of this mating assay, Tet allele strains and R1158 wild type strain were grown in parallel for 24 hours in YPD liquid media containing or lacking 10 µg/mL doxycycline. Strains were mixed with five-fold excess of MCY13, MCY14, or 1225α
(MATα his4 thr4) tester strains and plated on YPD solid media. After 5 hours, cells were collected, re-suspended in water and plated on diploid selection media. Independent illegitimate diploids were isolated after the mating of the Tet allele strains with the 1225α tester strain. For each mating experiment, approximately 100 diploids were isolated and tested for their ability to grow in the presence or absence of histidine or threonine. This assay was repeated two times. Viability of each strain following growth in doxycycline was confirmed by plating on YPD. Only MCM7 (10%), NUF2 (30%), and UBC9 (50%) had less than 100% viability following growth in doxycycline.
Array comparative genome hybridization
Genomic DNA was extracted (Qiagen) from independent illegitimate diploids and wildtype diploids isolated from the mating assay. Comparative Genome Hybridization (CGH) on a microarray was performed as previously described (DION and BROWN 2009) using S. cerevisiae whole genome tiling microarrays (Affymetrix). Signal intensities of the experimental and wild type control samples were normalized and compared using the Tiling Analysis Software (Affymetrix). Genomic patterns were mapped and analyzed using the Integrated Genome Browser Software (Affymetrix).
CHEF gel electrophoresis and southern blot analysis
Contour-clamped homogenous electric field (CHEF) gels were used to examine intact chromosomes of illegitimate diploids isolated from the mating assay. CHEF gel analysis was performed as described previously (DESANY et al. 1998) . A 1.2% agarose gel was run at 8V/cm using pulse times of 120 seconds for 30 hours at 14°C in 0.5X TBE buffer.
PCR purified fragments were radio-labeled by random priming (Stratagene) and used as hybridization probes for Southern blot analysis. PCR primers designed for probe construction are listed in Table S7 .
Restriction Digestion and Sequencing Analysis of FS1 and FS2
Genomic DNA was isolated (Qiagen) from wildtype strains R1158 and BY4741 and digested with EcoRI and XbaI (New England Biolabs) using the suggested conditions. Digested fragments were separated on a 1% agarose gel and hybridized with FEN2 and FS2-2 probes for Southern blot analysis (Table S7 ). 5' and 3' ends of fragile site 1 (FS1) and FS2 were PCR amplified and sequenced. PCR primers used for both amplification and sequencing are listed in Table S8 .
Enrichment Analyses
S. cerevisiae chromosomes were broken into 5kb bins. For each bin, the presence or absence of breakpoints and genomic features was tabulated. Various genomic features (DI RIENZI et al. 2009 ) and replication termination sites (FACHINETTI et al. 2010 ) from previous datasets were used for analysis. For each feature, the total number of bins with both the feature and a breakpoint was determined. To test for enrichment of breakpoints and each feature, a hypergeometric distribution was assumed. P-values <0.05 were considered as evidence of a correlation and P-values <0.05 after a False Discovery Rate (FDR) correction were considered strongly significant. NDD1  SLD5  DNA2  YOR262W  SRP72  ARP4  CDC21  CDC9  YPP1  POL2  MCM5  SEC31  POL30  PSF2  DBF4  UBC9  RAD3  MCM4  RSP5  SRB6  RFC5  BET1  DOP1  MOT1  SPT16  COP1  MCM7  RSC6  TAF12  CKS1  SRP68  DPB11  ARC40  RFC2  ERG26  KEI1  NUF2  TAF13  IRR1  CSE1  TAF9  UFD1  TAF2  CDC45  MDN1  MTW1 Tet alleles % budded cells with Ddc2 foci 
